Abstract This study was implemented to evaluate the potential of near-infrared reflectance spectroscopy (NIRS) technology to estimate chemical composition of dried press cake samples characterised by a wide range of parent materials. A total of 210 samples, derived from two studies on production of solid fuels from agricultural crops by application of the IFBB technology (Integrated production of solid fuels and biogas from biomass), were analysed to determine their chemical composition. A Foss XDSspectrometer was used to obtain near-infrared spectra (400-2,500 nm). Prediction equations, developed for chemical components, showed that NIRS technology could predict N, inorganic ash (ash), crude fiber (CF), ether extract (EE) and nitrogen free extracts (NFE) accurately (RSQ cal and SECV of 0.93 and 0.04 % DM, 0.89 and 0.48 % DM, 0.93 and 1.67 % DM, 0.87 and 0.28 % DM and 0.93 and 1.72 % DM, respectively). Mineral components could also be predicted with a moderate degree of accuracy using NIRS technology (RSQ cal and SECV of 0.85 and 0.10 % DM (K), 0.77 and 0.01 % DM (P) and 0.84 and 0.02 % DM (Cl), respectively), whereas calibration of gross energy (GE) did not succeed. Subsequent, external validation confirmed these results. Regression of mass flows with measured and NIRS-predicted values showed accurate results (RSQ 0.72-0.99) and promise an accelerated quality management in working biogas plants.
Introduction
Most common conversion techniques, i.e. anaerobic fermentation of silages or combustion of hay, straw and other herbaceous biofuels, have a limited conversion efficiency and face important technical limitations. In the case of biogas production, these are associated with the lignocellulose content of the biomass which is resistant to anaerobic fermentation and which inhibits digestion of readily fermentable compounds through their inclusion. Yields of methane decrease [40, 1] and digestion times in the digester increase [29, 22] with decreasing digestibility of substrates. As a consequence, conversion efficiencies of biogas plants based on silages often are low [34, 21] . In order to achieve satisfactory conversion efficiencies waste heat from combined heat and power plants (CHP) must be used which accounts for 2/3 of the total energy contained in the biogas [17] . There is no exact data, but nearly all German biogas plants use the waste heat. It is estimated that the proportion varies between 5 and 100 % of the total heat available and on average less than 20 % of the total heat is used for heating or drying purposes in German biogas plants. A major problem in rural areas is that there is little demand for industrialised heat compared to urban areas.
As for combustion of arable crops, straw and hay, a major limitation lies in the increased dependency on weather conditions for achieving dry matter (DM) contents of 850 g/kg [20] . Such DM contents are necessary to prevent microbial deterioration during storage. Compared to wood as the most common solid biofuel, herbaceous biomass contains more nitrogen (N), potassium (K) and chlorine (Cl). During combustion N is almost completely transformed into nitrogen oxides (NOx) which are major air pollutants [18] . Potassium and Cl are significantly involved in corrosion processes in the furnace, and K promotes the melting of ash at low temperatures [20] . While ash from wood melts at temperatures above 1,200°C, ash from hay melts at temperatures below 1,000°C [20] . Melting of ash leads to slagging and fouling processes inside the combustion chamber, which reduces the efficiency of the processing plant and its life [31] .
IFBB-Integrated Generation of Solid Fuel and Biogas from Biomass
With the aim of overcoming these problems, the Integrated Generation of Solid Fuel and Biogas from Biomass System was proposed [47] which separates ensiled herbaceous biomass by a mechanical dehydration and results in a press liquid rich in easily degradable organic matter and a press solid consisting mainly of fibrous plant parts (Fig. 1) . The first step is a hydrothermal conditioning in which silage is mixed with water or other mash fluids (e.g. press fluid) and heated for a short time to macerate cell walls. This treatment produces a mash which is then mechanically dehydrated by a screw press. As an effect of conditioning and dehydration, several minerals (e.g. K, Mg and Cl) and organic compounds (e.g. water soluble carbohydrates, proteins and lipids) are transferred into the press fluid. Data from dehydration of whole-crop silages of maize, wheat and semi-natural grassland show that press fluids make an excellent substrate for anaerobic digestion with methane yields of up to 500 normal litre (NL) CH 4 kg −1 volatile solids and almost total degradation of organic matter in less than 15 days [37, 17] . Digester residue is an excellent liquid fertiliser with high concentrations of readily available nutrients. The biogas plant is easily charged and discharged and no stirring of digester fluid is necessary. The remaining press cake is rich in fibrous constituents and contains relatively low proportions of detrimental minerals, which increase the quality of the resulting biofuel [47, 17] . With the need to dry the press cake from about 450-500 g/kg to 850 g/kg DM, the IFBB technology provides a year-round demand for heat produced in the CHP [47] . For arable crops, Graß et al. [17] calculated that approximately 50 % to 60 % of the gross energy contained in the crop is converted to electricity and heat (which is stored in the solid fuel). For semi-natural grassland, with a delayed cut and crude fibre contents well beyond 25 % of DM, conversion efficiencies were in the same range [47] .
Focus of This Study
For technical application it is important to evaluate the process in all stages in time. For example, estimation of mass flows allows the calculation of the amount of nutrients to be recycled to the field, as well as the quantification of methane production from anaerobic digestion. This in turn allows estimation of the amount of heat from the combustion of biogas in the CHP, which is used for thermal drying of the press cake from approximately 40% to 85% of DM [47] . On the other hand, value of solid biofuels for combustion depends primarily on the gross energy value and on concentration of nitrogen and minerals detrimental to combustion. However, wet chemical analysis is expensive and time intensive. A widely used and promising technique in agricultural quality management is near-infrared spectroscopy (NIRS) [28, 43] . It is well known that total nitrogen (N), inorganic ash (ash), crude fibre (CF), ether extract (EE) and nitrogen free extracts (NFE) can be determined with NIRS (e.g. [32, 45] as well as mineral compositions [38, 33, 16] . However, most studies concentrate on pure sample sets of wheat [25] , maize silage [11, 23] , herbages, grass silages [30, 2] , legumes [19, 9] , rice [48] sunflower [26] or hemp [44] . Reliability of NIRS had been questioned when analysis was performed across different plant species and cultivars [14, 39] . Moreover, there is a lack of knowledge of how much the dehydration and removal of easily mobilized organic and mineral constituents alters the spectral signature of biomass, affecting the relationship between NIR spectra and concentration of various constituents. The present study aims to develop a cheap and fast procedure to evaluate the potential of an energetic conversion of herbaceous crops with the IFBB technique. This includes -exploration of the potential and accuracy of NIRS for examining quality properties of a heterogeneous set of press cakes from mechanically dehydrated silages, focusing on concentration of major constituents relevant for combustion 
Material and Methods

Samples
A total of 210 press cakes from mechanically dehydrated silages were available for calibration. 187 samples derived from four experiments on arable land in Northern Germany. The samples were harvested from 2002 to 2004, chopped and ensiled in 60 l gas-proof polyethylene containers for a minimum of 28 days. In order to enhance the discharging of detrimental constituents 147 silages were conditioned prior to mechanical dehydration with different fluids (i.e. water, press fluid, digester fluid) of different temperatures (5°C, 60°C, 80°C, and 100°C, respectively) in a modified concrete mixer with a volume of 200 L, resulting in a mash with a silage:liquid ratios between 1:1 and 1:6. The mash was kept at a constant temperature with gas burners and stirred for 15 min in order to thoroughly rinse the silage with water. Dehydration of the silages was carried out using a screw press (type Av; anhydro Ltd., Kassel, Germany).
Pressing was conducted with a conical pressing screw and a screen perforation of 1.5 mm in diameter. The screw was at a pitch of 1:7.5 and rotated with 12 revolutions per minute. Press cakes were composed of the following species: maize (Zea mays), winter wheat (Triticum aestivum), canola (Brassica napus), winter rye (Secale cereale) and winter pea (Pisum sativum), as well as mixed silages of maize/ sunflower (Helianthus), maize/barley straw (Hordeum vulgare), wheat/barley straw, winter pea/rye and winter vetch (Vicia villosa) [36] . Twenty three press cakes derived from semi-natural grassland sites in Central and Southern Germany, representing typical European montane areas with two different poor oat-grass meadows (Arrhenaterion), a small sedge poor-fen meadow (Caricion fuscae), a tall herb vegetation meadow (Filipendulion ulmariae) and a montane hay meadow (Polygono-Tristion). Due to the late harvest date in mid August, most species had finished flowering. The material was collected in 2006, conditioned with water (silage:liquid ratio 1:4) and mechanically dehydrated with the same screw press, described above. Details of the experimental setup can be found elsewhere [47] .
Reference Analysis
Press cakes were dried at 60°C for a minimum of three days. Subsequently, N (calculated by CP/6.25), ash, CF, EE and NFE as well as potassium (K), chlorine (Cl) and phosphorus (P) were determined according to Naumann and Bassler [27] . In this study, we refer to N rather than CP due to the importance of nitrogen as an air pollutant in combustion processes.
Gross energy values (GE) were calculated for each press cake according to [15] :
Mass Flow Calculations Assessment of mass flow values for specific chemical constituents is essential to evaluate the conditioning and dewatering procedure, as well as to calculate methane yields and corresponding heat from anaerobic fermentation of press fluids, and hence, to evaluate the IFBB-System. Mass flow (MF) of the constituents N, ash, CF, EE, NFE, K, Cl and P (represented by Z; g/kg DM) from the parent material (PM) into the press fluid (PF) and the press cake (PC) were determined according to:
where X is the quantity of the press fluid as a proportion of the parent material after hydrothermal conditioning (PMC), and DM PF and DM PMC are the amounts of dry matter in the press fluid and parent material after hydrothermal conditioning, respectively. A comprehensive derivation of these equations is given in Wachendorf et al. [47] .
NIRS Measurement
Reflectance spectra of the ground press cake samples (1 mm sieve, cyclotec® sample mill, Foss Tecator AB, Höganäs, Sweden) were obtained using a XDS-spectrometer (Foss NIRSystems, Hillerød, Denmark). Spectra were collected in the visible and near infrared range from 400 to 2,500 nm with data collection every 2 nm. Each sample was scanned once using a small ring cup, which is a 45 mm circular capsule with a quartz window. The spectrum of each sample was an average of 25 sub-scans and was recorded as the logarithm of the inverse of the reflectance (log(1/R)). Data analysis was conducted using the WinISI software (version 1.63, Foss NIRSystems/ Tecator Infrasoft International, LLC, Silver Spring, MD, USA). Spectral data were reduced by keeping the first of every eight consecutive spectral points [3] , resulting in 259 data points per spectra.
Spectra Pre-Processing
To correct for differences in particle size and in the spectral curvature of the samples standard normal variate and de-trend scatter correction (SNV-D) [4] was performed. Mathematical pre-processing also included 1, 4, 4 and 2, 4, 4 treatments (number of derivative, wavelength gap over which the derivative is calculated and number of data points in a running average smooth, respectively). Derivatives were used to reduce baseline variation and to enhance spectral features [35] .
Calibration
Modified partial least squares [24] (MPLS) method was used to develop calibration equations. Prior to analysis samples were divided into a calibration and a validation subset, where the validation set included 30 % of the total samples randomly chosen for each constituent (Cozzolino and Morón [9, 7] (Table 1) . Calibration was done with the remaining samples. Full cross validation was performed on the calibration set. Therefore the calibration set was divided into five and six groups, respectively, depending on the amount of calibration samples. One group was used for predicting while the rest were available for developing the model. The procedure was performed until all samples were used for both model development and prediction. The number of factors giving the lowest final SECV determined the optimal number of terms to be used for the calibration and hence avoided an overfitting due to too many factors [16] , which reduces the validation performance. Two outlier elimination passes were conducted, removing T outliers (T >2.5), characterized by a large difference between reference and predicted values, and H outliers (H>10), i.e. samples whose spectra differed notedly from the mean sample spectrum. Number of outliers was lowest for K with 3 and highest for EE, where 11 samples were eliminated ( Table 3) . Accuracy of calibration models was assessed based on standard error of cross validation (SECV) and coefficient of determination for cross validation (RSQ cal ).
The best equations, defined by lowest SECV, were used for validation. The above described spectral treatments and calibration techniques were chosen since they are known to give most accurate predictions of a wide range of parameters of dried samples [30] . The same calibration procedure was conducted with the parent material in order to achieve NIR-estimated values for the mass flow calculations, resulting in an averaged RSQ cal of 0.90 for all constituents.
Validation
Prediction accuracy of models was evaluated on the validation subset, using validation RSQ val , slope (a) and residual predictive value (RPD). Residual predictive value was defined as the ratio of standard deviation of the laboratory results to the standard error of prediction of the independent validation set and demonstrated how well the calibration models performed in predicting the independent reference data [25] . A RPD value greater than three was considered good and a RPD value in the range from 2.5 to 3 was still satisfying for analytical purposes in most of the NIR applications for agricultural products [10] .
Results
NIRS calibration equations were developed for all constituents of the press cakes. Variability in chemical composition due to heterogeneous parent material was considered suitable to develop NIR calibrations (Table 1) . Correlation between constituents was found to be highest for CF and NFE (r=−0.93) ( Table 2 ). Correlation coefficients for some mineral constituents, comprising ash, K, Cl and NFE were in the range of −0.55 (Cl:NFE) and 0.83 (Cl:K).
For N, EE, ash, CF, and NFE very good calibration results were produced by NIRS (Table 3) , with coefficients of determination of the cross validation (RSQ cal ) of 0.87 for EE, 0.89 for ash and 0.93 for CF, NFE and N. Standard Fig. 2 ). Calibration results of K, P and Cl were moderate with low SECV as well as fairly high RSQ cal (Table 3 ). Best equations were achieved with math treatments 1,4,4 for P and 2,4,4 for K and Cl. Potassium also showed good validation results with RSQ val of 0.93, slope of 0.89 and RPD of 3.9. In contrast, P and Cl attained poorer validation results with lower RSQ val (0.81 and 0.79, respectively) and RPD (2.2 for both) ( Table 3 , Fig. 3 ), which suggest a lack of robustness of these calibration equations.
Calibration of gross energy (MJ/kgDM), which is an important parameter describing the energy content of solid fuels resulted in RSQ cal of 0.77 and RSQ val of 0.39 (results not shown) and thus did not reach adequate accuracy of prediction.
A central parameter for evaluating the IFBB procedure is the mass flow of organic and mineral constituents into the press fluid and press cake. Two data sets of mass flows were calculated, one based on laboratory data and one obtained by NIRS estimated values. Subsequently, a regression was conducted with both data sets to evaluate the prediction accuracy of mass flows in an automated quality management. The mineral group (K, Cl and P), ash and GE show narrow ranges for mass flows from parent material into press fluid with a minimum value of 13 % for GE, and a maximum of 95 % for Cl and K, respectively (Table 4) . CF, EE and NFE show broad ranges of mass flows with minima between 3 % (EE) and 13 % (NFE) and maxima between 68 % (CF) and 83 % (NFE). The regression resulted in very good prediction accuracies for all constituents (RSQ from 0.89 to 0.99), except of Cl which shows a somewhat lower accuracy with an RSQ value of 0.72 (Table 4) . Although GE could not be predicted well by NIRS both for parent material and press cakes, a close relationship existed between measured and calculated GE mass flows based on good calibration results for organic constituents used for calculation of GE. SD standard deviation, SECV standard error of cross validation, RSQ cal coefficient of determination of the cross validation, math treatment the first number is the order of the derivative function, the second number is the segment length in data points over which the derivative was taken, the third is the segment length over which the function is smoothed, SEP standard error of prediction, RSQ val coefficient of determination of the independent validation, RPD ratio of SD and SEP
Discussion
Prediction Accuracy for Solid Fuel Constituents
High correlations among the constituents found in this study were in line with other studies [12, 32] and were ascribed to the interrelation of lignin, hemicellulose and cellulose during the analytical extraction process and minerals which were chelated, or closely bound to organic compounds.
The calibration results for all constituents were similar to former studies dealing with dried samples of various crops, usually without ensiling or any pre-treatment. Cozzolino et al. [10] reported RSQ cal of 0.91 and a RPD factor of 4.8 for the prediction of N, whereas Valdés et al. [45] and Morón et al. [25] obtained better RSQ values (0.97) and RPD factors (3.9 and 8.5, respectively). For the prediction of crude lipid Berardo et al. [5] found satisfying results in dried pigeon peas with SEC of 2.5 and RSQ of 0.97, whereas DeBoever et al. [12] reported poor calibration results in grass silages (accounted variance of 57.3 %, SEP of 5 g/kg and SD/SEP of 1.5). The authors ascribe their poor results to systematic errors arising from different residual moisture contents and a small number of calibration samples as well as to the heterogeneous nature of crude lipid in grass silages. The same study obtained good results for ash, as did Park et al. [32] , who had similar results with a coefficient of determination of the cross validation (R² cv ) of 0.87 and SD/SECV of 2.83. The results for crude fibre in the present study are comparable with results achieved by DeBoever et al. [12, 13] in grass and maize silages. By contrast, Xiccato et al. [49] reported poor prediction accuracy of crude fibre with R² of 0.60 and SEP of 16 g/kg. The results for nitrogen free extracts (NFE) were similar to those reported by Castrillo et al. [8] but showed, regarding the RPD values, a markedly higher robustness.
Ruano-Ramos et al. [38] achieved slightly better results regarding K and P for sample sets of semi-arid grasslands with a R² of 0.92 and 0.88 as well as a SEC of 1.76 and 0.22, respectively, using log 1/R calibrations. Halgerson et al. [19] investigated alfalfa stems and leafs and achieved better results for K (R² of 0.95; SEC of 1090) in oven-dried alfalfa stems and for P (R² of 0.91; SEC of 150) in suncured alfalfa leaves. The examination of ground alfalfa samples yielded in a R² of 0.89 (SEC of 1180) and 0.90 (SEC of 244) for K and P, respectively, as reported by González-Martín et al. [16] . Residual predictive value (RPD) factors reported by the same authors were similar Fig. 2 NIR- to those achieved in the present study for K (3.4) but much better for P (3.6). However, low accuracies of P estimation were found by Petisco et al. [33] using an external validation set and RPD factors.
Only one study could be found reporting calibration results for chlorine in oven dried alfalfa stems [19] with a coefficient of determination of the cross validation (R² cv ) of 0.84, which are in line with our results. However, the validation with independent samples of press cakes showed a lack of accuracy for Cl estimation. These results may be related to the difficulty of estimating mineral concentrations by NIRS. Cozzolino and Morón [9] quoted that SEC and R² cal were inappropriate indicators for mineral determination, because the NIRS was not directly measuring the element, but the organic compound the element was related to [32, 16] or through its association with hydrated inorganic molecules. According to Cozzolino and Morón [9] , R² values in mineral determination are governed more by the amount or variability (range in concentration) present than by a direct relationship between variation in concentration and absorption in the NIR region.
Reasons for the low prediction accuracy of GE may be the narrow range of values (Table 1) which is in line with data from previous experiments [42] as well as the error inherent to the regression equation used to calculate gross energy (see Eq. 1). Furthermore, unlike energy values used in feed evaluation systems (e.g. net energy lactation, NEL) n number of samples used for regression, min minimum, max maximum which are strongly related to fibrous constituents and usually well-predicted by NIRS [46] gross energy is a complex parameter which is affected by all organic constituents of the fuel. Thus, albeit prediction accuracy by NIRS was unsatisfactory the calculated gross energy values may be plausible, which is suggested by the conformity with calorimetric data from various crops in a previous study [41] .
Assessment of Fuel Quality
To evaluate the combustion quality of press cakes from herbaceous crops quality values of press cakes were compared with those from common solid biofuels i.e. beechwood, woodchips (willow and poplar) and grains (wheat, rye and triticale) [20] , regarding four major constituents (N, K, Cl and GE) (Fig. 4) . Although the press cake data show a broad variation, a comparable or better quality than grains, especially for N and GE, was achieved. However, quality of press cakes was generally inferior to wooden biomasses, indicating the need to adapt the combustion appliance to inferior feedstocks.
Evaluation of NIR-Predicted Mass Flows
The high prediction accuracy for mass flows of organic and mineral constituents in the IFBB procedure is an important outcome of the present study, as it provides a basis for a cheap and accelerated assessment of the operating status of a continuously working plant. However, the presented NIRS procedure depends on dried and ground material both from parent material and press cake, which prolongs the system response time. The use of field spectroscopy may provide perspectives for a further acceleration as recent calibration work showed promising results for major quality parameters of various forage crops [6] .
Conclusions
The NIRS technology has good potential for evaluation of the IFBB process, as it establishes the basis for a cheap and fast assessment of several important parameters in the energetic conversion of herbaceous crops. The results of the present study with a heterogeneous set of press cakes from mechanically dehydrated silages of herbaceous crops show that,
-the concentration of major constituents relevant for combustion can be predicted with satisfactory accuracy. Lowest validation errors were achieved with SEP of 0.01 % DM for P, while SEP of CF was highest with 1.61 % DM. Fuel quality of press cakes obtained in the study was higher than that from cereal grains, but lower than that from wooden biomasses. -mass flows of major organic and mineral constituents during mechanical separation based on NIR-predicted values can be assessed with appropriate accuracy (RSQ 0.72-0.99). These parameters are major determinants of the operating status and constitute a prerequisite for an effective system control.
